Agricultural production in the semi-arid region is critically important for ensuring food security and agricultural development in world. However, due to the environmental impact generated by agricultural activity, and the challenge of producing food for a growing demand, agriculture is dependent on a constant flow of non-renewable environmental and economic resources. The aim of this study was to quantify the sustainability of different agricultural production systems papaya (Carica papaya L.) and sorghum (Sorghum bicolor [L.] Moench) in the semi-arid region using emergy analysis. The research was carried out in the Curupati Irrigated Perimeter, located in the municipality of Jaguaribara, Ceará (CE), Brazil, corresponding to the cultivation of the irrigated papaya and in the Lagoa Grande settlement, in the Chapada do Apodi, municipality of Tabuleiro do Norte, CE, referring to sorghum cultivation in the rainfed. The rainfed production system had an emergy value of 1.06E+16 seJ ha -1 yr -1 , and was lower than in the irrigated system 1.69E+17 seJ ha -1 yr -1 . The following values were obtained for the emergy indicators in the irrigated system: emergy yield ratio (EYR) = 1.51; renewability (R%) = 74.29%; environmental load ratio (ELR) = 0.35, and emergy sustainability index (ESI) = 4.37. Where as in the rainfed system, the EYR = 1.13; R% = 83.81%; ELR = 0.20 and ESI = 5.86. The system of production under the rainfed regime therefore displayed better economic, social and environmental performance in relation to the irrigated production system. Both of the studied production systems contributed to the economic growth of the semi-arid region, with low environmental loads.
INTRODUCTION
Currently, irrigated agriculture is an important activity, since there is continuous growth in the demand for food, due to the increase in population and the search for a better quality of life. According to the Food and Agriculture Organization of the United Nations (FAO), in the next 25 years, 80% of the food needed by the human population will be supplied by irrigated crops (FAO, 2012) . In the northeast of Brazil, this agricultural model is important due to significant market growth, giving greater production and higher yields for the sector (Lopes et al., 2011) .
Rainfed agriculture is of critical importance, due to its growth and its implications for the food security of a significant number of people living in the semi-arid region of northeastern Brazil. Nasuti et al. (2013) , when conducting research in semi-arid regions of the northeast of Brazil, found that around 60% of farmers adopted the rainfed system. According to the FAO, this production model accounts for approximately 80% of the world's arable land and 60% of the area under
Description of production systems
The Curupati irrigated perimeter comprises a total area of 189 ha, in which the irrigated production model included 63 producers who cultivated irrigated papaya (Carica papaya L.) under a drip-irrigation system in an area of 94.5 ha divided into 18 lots. The water source for the irrigated perimeter was the Castanhão reservoir, delivered by a floating motor pump with a power of 500 hp and flow rate of 0.33 m 3 s -1 , whose purpose was to feed the distribution channel. Another set consisting of four motor pumps with a power of 75 hp, pumped the water from the canal to the irrigated lots. The papaya crop was planted in rows spaced 4 m apart, with 1.8 m between plants; the spacing between drippers was 0.4 m at a flow rate of 2.0 L h -1 . The rainfed production system consisted of an agricultural field of 250 ha, inhabited by 92 farming families; however, only 12 farmers who had planted grain sorghum (Sorghum bicolor [L.] Moench) in an area of 138 ha were monitored. The first operation carried out by the producers was the lodging and desiccation of the existing vegetation in the area. The herbicide used was glyphosate at a dose of 2.5 L ha -1 . Was applied with a mechanized sprayer (Jacto, Pompeia, São Paulo, Brazil), driven by a 75-hp tractor (model 296, Massey Ferguson, Duluth, Georgia, USA).
The second operation was planting, using seed of the BR 304 sorghum hybrid. The operation was carried out under a no-till system using a seeder (model SP Light 3000, Baldan, Matao, Sao Paulo, Brazil), driven by a 75 hp tractor (model 785, Valtra, Duluth, Georgia, USA). Seeding was carried out 8 d after applying the herbicide, at a depth of 5 to 6 cm, with 6 to 7 seeds per linear meter, at a spacing between rows of 0.45 m, giving a population of around 133332 to 155554 plants ha -1 . The final operation was harvesting, also carried out mechanically by means of a harvester (model 7130, CASE IH, Racine, Wisconsin, USA). 
Emergy analysis
To enable an economic, social and environmental evaluation of the different production systems, emergy methodology based on the work of Odum (1996) , Brown and Ulgiati (2004) , and Ortega et al. (2010) was used. The first step in the emergy analysis was to identify the components of the two production systems, i.e. to determine the inputs and outputs. A systemic diagram of the systems was then developed, in which all the components and energy flows of the irrigated and rainfed production models were identified. The input and output flows of the production systems were quantified using information from the farmers, data from the literature, field measurements, input and product sampling, as well as the tracking and monitoring of the Curupati Irrigated Perimeter and the rainfed area.
After defining the input and output variables of the agricultural production models, each input flow in the systemic diagram was converted into a calculation line of the emergy-evaluation matrix. For the matrix, all the flows of energy, mass and monetary value that were considered in the process were converted to a common basic unit, solar energy equivalent joules (seJ), using emergy transformations taken from the literature.
For determined economic transformity (seJ $ -1 or Em$) was the equation: Em$ = {[248.0 + 878.16 × EXP (˗1 × ((yr ˗ 1981)/9.49))]/100} × 1012 × 1.68 (Agostinho et al., 2008) . The estimated value of the Emdollar (Em$) was 4.54E+12 seJ USD -1 for 2016. This value was corrected by a factor of 1.68, considering global emergy transformity to be equal to 15.83E+24 seJ yr -1 (Brown and Ulgiati, 2004) . The yr -refers to the year considered in the analysis that was 2016 and the values correspond to the conversion factors of the equation.
During the second stage, the emergy table was prepared by entering the numerical value and the units of each flow mentioned in the diagram. The table permits the conversion of all the resources in terms of joules of solar energy, using transformations that allow the emergy indicators to be calculated.
During the final stage of the emergy analysis, the emergy indicators were calculated, with the purpose of evaluating the sustainability of the production systems. Table 2 presents the emergy indicators proposed by Odum (1996) , slightly modified as per Ortega et al. (2010) for a more adequate evaluation of resource sustainability, considering the renewability of each of the resources used.
The total emergy, together with the indicators and the ratios calculated with the emergy tables, were used to evaluate the efficiency and environmental impact of the irrigated and rainfed agricultural production systems, in addition to the economic and environmental interactions, and quantification of the sustainability of the Curupati Irrigated Perimeter and the rainfed agriculture. 
RESULTS AND DISCUSSION
The systemic diagram of the irrigated and rainfed production systems in the semi-arid region of Brazil is shown in Figure  2 , where the different emergy flows that make up the systems and the interactions of their main components can be seen, as well as the different sources of energy from the renewable and non-renewable resources from nature, and resources from the economy, such as services and inputs. Finally, all the input emergy flows from the systems join into a single output flow. The diagram shows the renewable (sun, rainfall, water resource) and non-renewable resources (soil), besides resources from the economy, such as materials (seedlings, seeds, manure, fertilizers and pesticides) and services (labor, electricity, mechanization and transport), as well as the processes and boundaries of the production systems. The product or output of the production models, as well as the final emergy, consisted of the papaya fruit under the irrigated system, and the sorghum grain under the rainfed system.
The main characteristics of these different resources and their relationships based on emergy, which were used to analyze the behavior of the irrigated production system are described in Table 3 . A total emergy of 1.69E+17 seJ ha -1 yr -1 was found for the irrigated production system. Of this total, 66.02% corresponded to resources from the economy, as well as services and materials. The remaining 33.98% represented renewable and non-renewable environmental resources. Renewable services accounted for 37.66% of the total emergy, where family labor was highly significant, accounting for 30.81%, additional labor accounted for 4.11% and specialized labor, 2.74%. Non-renewable services were equal to 25.66% of the total emergy, electricity having the greatest contribution with 20.55%, followed by mechanization with 4.67% and transport with 0.44%. Renewable materials were 2.65%, where the highest percentage corresponded to the fertilizers, the most important being N with 0.94%. Of the non-renewable materials, only the pesticide was included, equivalent to 0.04%.
For the environmental resources, the highest value was for renewable resources at 33.95%, with the largest contribution from the water resource used for irrigation, corresponding to 33.21%, followed by rainfall with 0.73%. Non-renewable resources were attributed to erosion, equal to 0.03% of the total emergy. Halim (2013) in study impact of alternate furrow irrigation with different irrigation intervals on yield, water use efficiency, and economic return of corn verified alternate-furrow irrigation with appropriate irrigation intervals (7-d) can be used as an efficient method for corn production in arid areas where production depends heavily on irrigation.
It can therefore be seen that family labor especially, was the resource that contributed most significantly to the total emergy of the irrigated production system, in addition to the service of electricity. Ortega et al. (2010) , in a study of the emergy of vegetable production systems under organic management, verified that the total emergy of the five systems varied from 1.72E+17 to 6.24E+17 seJ, in which labor contributed most to the total emergy, ranging from 70% to 90%.
Thus, emergy analysis showed that within a system of agricultural production, resources from the economy were greater; this can be attributed to the need for services at all stages of the production process, in addition to the materials used in each activity. Giannetti et al. (2011) , evaluating the emergy in a coffee plantation in the Brazilian Cerrado, pointed out that services accounted for approximately 29% of the total emergy, with direct labor alone representing 24% of this total, and local renewable resources accounting for 20% of the total emergy in the production of green coffee.
In economic terms, a total value of 37 386.31USD ha -1 yr -1 is seen in the production system for irrigated papaya, with resources from the economy being equivalent to 65.88% of this total, while environmental resources accounted for 34.12%. Among resources from the economy, services were equivalent to 63.17%, where labor accounted for 37.57%, with the emphasis on family labor at 30.73%. Electricity also had a significant contribution, with 20.50%. (2) Brown and Ulgiati (2004) and Odum (1996) ; (3) Odum (1996) Ponce et al. (2014) in study economic impacts of climate change on the Chilean agricultural sector observed that although the prodution model accounts for adaptation by allowing for changes in land allocation to cope with climate change, it does not consider other adaptation options, such as the incorporation of different techniques or technologies for farm management.
On the other hand, for the renewable energy resources, the greatest contribution was from the water resource used for irrigation, which corresponded to 33.13% of the total value of the production system. The production cost of the irrigated papaya, taking the renewable, non-renewable and economic resources together, was USD0.28 kg -1 . The greatest contribution to the final value were the costs of services and materials, especially labor and electricity.
For Barros et al. (2009) , the high labor costs may explain the dependence of this sector, since in a study of the emergy and economic performance of different systems of banana cultivation in Guadeloupe in the French West Indies, they found that production costs were high, at USD0.60 to USD0.71 kg -1 , with on average 48% of the production costs of each kilogram of bananas attributed to labor.
In relation to the total emergy of the rainfed agricultural production system, Table 4 shows an emergy value of 1.06E+16 seJ ha -1 yr -1 , less than in the irrigated system due to the use of less resources from the economy and from the environment. Resources from the economy also had the greatest contribution (88.38%), of which 85.23% were services, with the emphasis on family labor (54.38%) and additional labor (18.07%); however, non-renewable services, such as transportation and mechanization, accounted for 6.98% and 5.80% respectively. Materials accounted for only 3.14%. For the renewable environmental resources, rainfall had the greatest contribution with around 11.35%, while non-renewable resources and erosion were equal to 0.27%. Barros et al. (2009) , in a study of the emergy of different systems of banana cultivation in Guadeloupe, French West Indies, showed that the total emergy was highly dependent on resources from the economy, as they represented between 88% and 94%. Thus, the main differences between the production systems under study could be seen in the use of the Table 4 . Emergy analysis of the production system for rainfed sorghum in the semi-arid region of northeastern Brazil. 1.12E+10 Description RF: Renewable fraction; Tr: solar transformity; I: natural resources; RS: renewable services from the economy; NS: non-renewable services from the economy; S: Services from the economy; RM: Renewable materials from the economy; NM: Non-renewable materials from the economy; M: Materials from the economy; F: Resources from the economy.
(1) Brown and Ulgiati (2004) ;
(2) Brown and Ulgiati (2004) and Odum (1996) ; (3) Odum (1996) ; (4) Ortega et al. (2010) ; (5) Ortega et al. (2010) ; (6) Emergy (Y) = I + F; (7) Energy available from the produced food.
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Tr Unit Value RF Emergy (seJ) Total NR R more evident resources from the economy, as well as in the renewable resource used for irrigation under the irrigated production system.
In economic terms, the total value was USD2431.88 ha -1 yr -1 ; once again, resources from the economy exceeded environmental resources, with 85.23% and 14.77% respectively. Among the resources from the economy, services accounted for 82.19%, highlighting labor with 69.87%, while materials accounted for only 3.03%. For renewable resources from the environment, the greatest contribution was from precipitation, with 10.95%. Ponce et al. (2014) in study economic impacts of climate change on the Chilean agricultural sector and a non-linear agricultural supply model observed the Agricultural Supply model is currently not able to analyze this scenario, due to the assumptions about prices and is that the Chilean agricultural sector is vulnerable to the change in agricultural yields as a consequence of climate change.
In general, the contribution of soil erosion as a non-renewable resource was small in both production systems. This was satisfactory for the sustainability of the agricultural systems, since it improves the emergy sustainability index and environmental load ratio, as well as the renewability of the production system. Erosion was considered a non-renewable resource, as the amount of soil lost during the annual cropping cycles cannot be renewed during the crop year; in addition, the period necessary for soil formation and restructuring is very long.
As soil loss depends, among other factors, on the physical properties of the soil, ground cover, etc., the emergy value was higher in the irrigated production system (5.21E+13 seJ) than in the rainfed system (2.90E+13 seJ). This can mainly be attributed to ground cover and management, since in cultivating the sorghum, planting was by direct sowing, with the soil only being disturbed in the planting row; in the irrigated crop, there was greater soil movement due to the ploughing and harvesting operations, leaving the soil more susceptible to the erosion process.
According to Ghaley and Porter (2013) , under conventional production systems, soil exposure leaves the ground susceptible to erosion, compared to integrated systems, which provide ground cover and require relatively few field operations, thereby reducing erosion. The authors found that emergy input due to soil erosion under a conventional production system was higher (4.97E+09 seJ yr -1 ) than under an integrated system (2.45E+09 seJ yr -1 ). The emergy indices of the production systems are shown in Table 5 , where a greater value for solar transformity can be seen in the irrigated system, of 1 040 000 seJ -1 , compared to the rainfed system, of 951 000 seJ -1 . Transformity indicates the efficiency of a system in the production of a product or service. Thus, the lower value found in the rainfed production model indicates greater energy conversion efficiency.
According to Cuvillier (2006) , the average values for solar transformity of organic vegetable and conventional production systems were 2.37E+05 and 6.3E+06 seJ J -1 respectively. The values found in this study are therefore higher in relation to the organic production systems and lower in relation to the conventional system. For Cuvillier (2006) , the main difference is due to variations in the volume of marketed products, as well as the sensitivity of the emergy yield ratio to the amount of available energy being considered.
Renewability establishes the use of renewable resources from nature and the economy as a function of the value for total emergy; it was found that the rainfed system had a greater percentage of renewability (84%), making it more sustainable in the long term compared to the irrigated system (74%). This result is attributed to the greater use of renewable resources from nature and from the economy. Ortega et al. (2010) , in studying the emergy of vegetable production systems under organic management, found that the systems under study showed high renewability, ranging from 60% to 85%. The emergy yield ratio demonstrates the ability of the system to exploit non-renewable resources from the economy and supply them in the form of products as a response to external investments. It can be seen in Table 5 that the rainfed system shows less potential for socio-economic contribution than the irrigated system, since the EYR of 1.13 indicates that the emergy of the non-renewable resources from the economy is almost equal to the amount of emergy that derives from the final product: the system therefore has little contribution potential for economic growth. The EYR of 1.51 in the irrigated system indicates a slightly better socio-economic contribution. Ortega et al. (2010) found values for the yield ratio in agricultural systems that ranged from 1 to 4.
According to Brown and Ulgiati (2004) , when the EYR is equal to 1, it indicates that the emergy of the local resources is exactly equal to the amount of emergy provided by the economy, therefore the system has no contribution potential for economic growth, being small when 1 < EYR < 2, moderate when 2 < EYR < 5 and high when EYR > 5.
The values found in this study were similar to those of soybean production systems in Brazil, where the values ranged from 1.18 to 1.78 (Ortega et al., 2005) . In a soybean production system in Italy, the yield ratio ranged from 1.98 to 2.32 (Panzieri et al., 2000) .
For the environmental load ratio, the value of 0.20 under the rainfed system shows less environmental stress compared to the irrigated system with 0.35. The higher the value of the ELR, the greater the environmental impact caused by the production system due to the use of non-renewable resources. For Brown and Ulgiati (2004) , an ELR < 2 indicates a low environmental load, 2 < ELR < 3, moderately low, 3 < ELR < 10 moderate, and ELR > 10 a high environmental load. The higher value found for the irrigated production model was due to the greater use of non-renewable resources from the economy, especially electricity that corresponded to 20.55% of the total emergy of the system.
The emergy investment ratio analyses the efficient use of emergy from investments with non-renewable resources from the economy, in relation to renewable resources from nature and the economy, in addition to the non-renewable resources from nature. Thus, the lower value of 0.18 found in the rainfed system means less expenditure of non-renewable emergy, a favorable condition for reducing production costs and providing better market performance, since this indicator is interpreted as a competitiveness index, where a lower EIR means competitiveness of the production system in the market.
The sustainability index evaluates the contribution of system to the economy relative to environmental stress. According to Brown and Ulgiati (2004) , an ESI < 1 indicates an unsustainable system, systems with an ESI > 1 contribute to economic growth without serious environmental disturbance, intermediate values (1 < ESI < 5) characterize medium-term sustainability, and values of ESI > 5 indicate long-term sustainability. It can thus be seen that the irrigated perimeter has medium-term sustainability due to the greater use of non-renewable resources, whereas the rainfed system has an index of 5.86, indicating long-term sustainability due to the greater use of renewable resources.
For the ratio of product emergy to money emergy, as well as the exchange rate under the two systems, both the producer and the consumer received the same amount of emergy, indicating that neither commercial partner had a relative advantage over the other. When the EER < 1, the producer has an advantage over the consumer, however, when the EER > 1, the producer loses emergy and becomes poorer, i.e. the emergy ratio benefits the consumer.
CONCLUSIONS
We observed the rainfed production system presented a better economic, social and environmental performance compared to the irrigated production system. The total emergy (1.69E+17 seJ ha -1 yr -1 ) in the irrigated agricultural production system was higher than in the rainfed system (1.06E+16 seJ ha -1 yr -1 ). Therefore, higher energy conversion efficiency in the product chain can be achieved with the rainfed production model, due to the lower emergy input values for production.
The production systems under study contribute to the economic growth of the semi-arid region, with a low environmental load. In addition, the rainfed system presents long-term sustainability, and the irrigated system medium-term sustainability, with values for renewability of 83.81% and 74.26%, respectively.
